Hereditary hemorrhagic telangiectasia (HHT) or Osler-Rendu-Weber disease is a systemic fibrovascular dysplasia with an autosomal dominant inheritance pattern. Mutations in two genes, endoglin and ALK-1, are known to cause HHT, both of which mediate signaling by transforming growth factor b ligands in vascular endothelial cells. Ten patients were analyzed. Diagnosis of HHT was carried out by means of family history, recurrent bleeding, and the presence of multiple telangiectases lesions. Conformation-sensitive gel electrophoresis analyses with consistent abnormal migration patterns were cloned and sequenced using the MegaBace 1000 DNA automated analyzer. Three novel mutations were identified in the coding sequence of the ALK-1 gene in five patients and their families, which demonstrated clinical manifestations of HHT type 2. These mutations included a G insertion and a T deletion of single base pairs in exons 3 and 7, as well as missense mutations in exons 7 and 8 of the ALK-1 gene. These data indicate that loss-of-function mutations in a single allele of the ALK1 locus are sufficient to contribute to defects in maintaining endothelial integrity. We suggest the high rate of mutation detection and the small size of the ALK-1 gene make genomic sequencing a viable diagnostic test for HHT2.
Introduction
Hereditary hemorrhagic telangiectasia (HHT) or Osler-Rendu-Weber disease (ORW) is an autosomal dominant multisystemic vascular dysplasia (Plauchu et al. 1989; Guttmacher et al. 1995) , characterized by severe recurrent nose bleeding, localized mucocutaneous telangiectases, gastrointestinal hemorrhage, as well as arteriovenous malformations (AVM) in the lungs, liver, gastrointestinal tract, and brain, which can cause severe ischemic injury or stroke . Gastrointestinal bleeding occurs in approximately one third of patients, especially in later life, and is well recognized (Plauchu et al. 1989) .
Estimates of the incidence of HHT vary widely, but studies have shown that it affects between 1 in 8,345 and 1 in 40,000 people with even a higher incidence in some isolated populations Berg et al. 2003) . The mortality rate as a direct result of the disease is about 36% (Sawabe et al. 2001) . Furthermore, Kjeldsen et al. 1999 reported an increased mortality among young HHT patients when compared with those of patients older than 60 years.
Molecular heterogeneity of the disease has been revealed by linkage and mutational studies showing at least two distinct loci for HHT. The first locus, HHT-1, comprises the endoglin (ENG) gene mapped to chromosome 9q33 (McAllister et al. 1994a, b) . Studies have shown that patients with HHT-1 are more likely to develop pulmonary arteriovenous malformations (PAVM) than patients with HHT-2 .
Endoglin is a TGF-b binding protein, expressed predominantly by endothelial cells and placenta (Gougos and Letarte 1990; Cheifetz et al. 1992 ). Lossof-function mutations in the human ENG gene cause HHT type I, which is characterized by a higher prevalence of symptomatic PAVM (Attisano et al. 1993) .
The second locus, HHT-2, harbors the activin-like kinase receptor-1 (ALK-1) gene, which has been mapped to the pericentromeric region of chromosome 12 (Vincent et al. 1995; Johnson et al. 1996) . The ALK-1 protein has the properties of a type I serinethreonine kinase receptor (Attisano et al. 1993; ten Dijke et al. 1993) . Both genes are members of the TGF-b receptor superfamily (Cheifetz et al. 1992; Attisano et al. 1993; ten Dijke et al. 1993) and are highly expressed in endothelial cells and other vascularized tissues such as lung and placenta (Attisano et al. 1993) .
The ALK-1 gene is a type I cell surface receptor for the transforming growth factor b (TGF-b) and has the properties of a type I serine threonine kinase receptor superfamily of ligands; however, its ligand and corresponding type II receptor are unknown. This receptor has been shown to bind either activin or TGF-b in the presence of their respective type II receptors, but it does not bind to any ligand alone (Attisano et al. 1993) . These genes mediate binding and signaling of TGF-b. ALK-1 can interact with TGF-b or activin, type II receptors as shown by Oh et al. 2000 , but the mechanisms for downstream signaling of ALK-1 are yet to be elucidated.
Mutations in the ALK-1 gene in HHT-2 patients include nonsense and missense mutations, as well as insertions and deletions resulting in frameshifts (Johnson et al. 1996; Piantanida et al. 1996; Olivieri et al. 2002) .
These mutations have been found throughout the ALK-1 gene coding region, including the extracellular ligand binding, transmembrane and the intracellular kinase domains. The nature and location of these mutations suggest that HHT type 2 results from loss of function of the ALK-1 gene.
In order to analyze the molecular abnormalities in ten unrelated patients with HHT, we have performed a complete sequencing of the coding region of the ENG and activin genes. We were able to identify mutations only in the ALK-1 gene in five patients.
We have developed polymerase chain reaction (PCR) assays to amplify each exon of the coding region of the ALK-1 and ENG gene from genomic DNA. The ALK-1 and ENG genes were sequenced in ten related and unrelated patients with HHT.
Subjects, materials and methods

Human subjects
Informed consent was obtained from all patients and controls, and the study was approved by the local ethics committee.
A diagnosis of HHT was carried out in ten unrelated patients by (1) family history, (2) recurrent episodes of bleeding, and (3) the presence of multiple telangiectatic lesions . The summary of the patients' clinical data is shown in Table 1 . Vascular abnormalities in the gastrointestinal tract, pulmonary, hepatic, and brain circulations were investigated by at least one objective diagnostic method such as endoscopy, ultrasound, and computerized tomography. A panel of 252 chromosomes from unrelated individuals without the disease was used to evaluate the frequency of each mutation in the general population.
Materials and methods
Extraction of DNA from peripheral blood
Genomic DNA was extracted from 1-3 ml of peripheral blood lymphocytes and separated from blood collected in EDTA obtained from healthy volunteers and individuals with HHT in a steady state, using standard procedures.
Mutation analysis
Initially, PCR and sequencing were performed, and when frameshift was detected, this fragment was then cloned and sequenced.
PCR amplification of individual exons
All coding regions and flanking intronic sequences of the ENG and ALK-1 genes were amplified by PCR. Primer sequences and conditions for both genes were previously described by Berg et al. (1997) and McAllister et al. (1994a, b) , respectively. PCR products were run on 1.5% agarose/0.5 TBE gels.
Cloning of the PCR products
Polymerase chain reaction products were cloned into the commercial vector SureClone Ligation kit (Amersham Biosciences, San Francisco, CA), and plasmid DNA was prepared using the Wizard Plus SV Minipreps kit (Promega; http://www.promega.com).
Cycle sequencing was performed using the MegaB-ACE Dye Terminator procedure, and reactions were analyzed by a MegaBACE 1000 automatic sequencer (GE Healthcare Life Sciences, USA; http://www.gehealthcare.com). Conservation of the region affected by the mutation was determined by the use of the Blast algorithm to match the ALK-1 region containing the mutation against the GenBank (http://www.ncbi.nlm. nih.gov) nonredundant protein database.
Automized sequencing
Direct sequencing of PCR plasmid products were sequenced in forward and reverse orientation on a MEGABACE 1000 sequencer using the DYEnamic ET Terminator cycle sequencing kit (GE Healthcare, USA; http://www.gehealthcare.com), according to the manufacturer's instructions. The sequences were analyzed by the sequence analyzed software using the Base Caller Cimarron 3.12 (GE Healthcare, USA; http://www.gehealthcare.com).
Polymorphism screening
For each mutation, a panel of 126 healthy normal control individuals' genomic DNAs from unrelated individuals was screened. As a screening method for mutation detection, we carried out conformation-sensitive gel electrophoresis (CSGE) as described by Ganguly et al. (1993) , a method that allows the detection of single base mismatches in DNA heteroduplexes. We have utilized CSGE to screen for potential mutations in a mixed population of normal controls. The entire coding region and intron-exon boundaries of the ALK-1 gene and ENG gene were analyzed.
Following the amplification of the PCR product, 20 ll of each sample was heated at 98°C for 5 min followed by incubation at 68°C for 1 h to generate heteroduplexes. The best separations of heteroduplexes and homoduplexes were obtained with a standard 6% polyacrylamide gel polymerized in 10% ethyleneglycol/15% formamide/Tris-taurine buffer 0.5% (Sigma-Aldrich Brasil Ltd; http://www.sigma-aldrich.com.br).
Results
Identification of novel mutations detected in the ALK-1 gene
In this article, we studied ten patients with clinical features of HHT; five of them presented four mutations in the ALK-1 gene (three novel and one already described). ENG was not found in any of the ten analyzed patients.
As to the three novel mutations in the ALK-1 gene, two of them are frameshift mutations identified in exons 3 and 7 after direct sequencing of the PCR products, suggesting the existence of a deletion or insertion, and one is a missense mutation identified in exon 7. As to the mutation already described in the literature, it is a missense identified in exon 8.
The first novel mutation was a T deletion (c.913delT) in exon 7 in three patients (brother/sister and one unrelated identified at Table 2 and Fig. 1 as F3 and F2, respectively). The same patient (brother, F3) J Hum Genet (2007) 52: 237-243 239 also presented the second missense mutation (c.976A > G), which was not found in his sister (F3). The third novel mutation (c.204insG) was a G insertion in the exon 3 (father and son: Table 2 ; Fig. 2  as F1 ).
The fourth mutation, which is a missense and has already been described in the literature (c.1204G > A), was found in three patients (aunt/niece and one unrelated, Table 2 Those four mutations identified in our five patients are shown in Table 2 and Fig. 2 . For each mutation a screening in a panel of 126 normal control individuals was performed to define if these mutations would not represent genetic polymorphisms of the studied population. The summary of the mutations identified is shown in Table 2 and Fig. 2 .
Discussion
Endoglin and ALK-1 have been reported to demonstrate an association with HHT (McAllister et al. 1994a, b) , an autossomal dominant disorder that causes localized angiodysplasia (Johnson et al. 1996) .
Phenotypic penetrance in HTT is age dependent and, at about the age of 40 years, patients are expected to present characteristic clinical manifestations. The inheritance of at least one single mutant copy can predispose the individual to the development of the vascular abnormalities observed in HHT, which are modulated by several genetic, physiologic, and mechanical events (Porteous et al. 1992) . Little is known about the genetic basis of the observed clinical heterogeneity of HHT. Even within the same family, there could be great variations with respect to the manifestation and severity of the disease (Shovlin et al. 1997) .
These data indicate that loss-of-function mutations in a single allele of the ALK1 locus are sufficient to contribute to defects in maintaining endothelial integrity.
In our work with this series of patients with type 2 HHT, three novel mutations and a mutation already described in the ALK-1 gene were identified. All of these four mutations affect the kinase domain of the ALK-1 gene, and both the deletion and the insertion change conserved amino acids.
From the four detected ALK-1 gene mutations, the insertion within exon 3 encodes the extracellular domain. The T deletion within exon 7 and the other two mutations within exon 7 and 8 encode the kinase domain located near highly conserved cysteines. Several studies suggest that the majority of the mutations grossly truncate the ALK-1 protein and are, thus, classic functional null alleles (McAllister et al. 1994a, b; Johnson et al. 1996; Gallione et al. 1998; Klaus et al. 1998; Pece-Barbara et al. 2005) .
Five patients did not present any mutations in ALK1 or ENG genes, suggesting that the disease may be linked to other loci. In these five patients, the ENG gene was sequenced, and no mutation was found. We have performed the whole coding sequences of both genes (ALK-1 and ENG), suggesting the existence of a third HHT gene mentioned by Piantanida et al. (1996) . Wallace and Shovlin (2000) confirmed, by linkage analyses, the exclusion of linkage to ENG and activin (chromosome 9 and chromosome 12).
Indeed, the presence of a third rare variant may be speculated, as suggested by Piantanida et al. (1996) and Wallace and Shovlin (2000) , who described the existence of another locus accounting for the disease in some HHT patients with pulmonary involvement.
The existence of another locus accounting for disease in some HHT patients with hepatic involvement was described by Cole et al. (2005) , a new locus for HHT3 has been mapped at chromosome 5 (5q31.3-5q32) and will probably account for a subset of individuals without mutations in the ENG or ALK-1 genes.
One of the central questions in HHT research has been the cause of the disease phenotype, whether it is due to haploinsufficiency or to dominant-negative interactions between mutant and normal proteins. The current model, therefore, is that the disease phenotype is the result of inherited haploinsufficiency of either ALK-1 or ENG genes. Missense mutations that are stably expressed can result in constitutively active proteins or in a gain of function, or they can display a dominant-negative mechanism (Wilkie 1994) . We describe herein three novel mutations in the ALK-1 gene in a group of Brazilian HHT patients. All of the mutations detected are novel and have not been published previously. From an initial group of ten patients, we identified ALK-1 mutations in five of them, as demonstrated in Table 2 study in the ten patients, and no ENG mutations were identified, suggesting that the phenotypic pattern of HTT may be linked to distinct genetic regulators, such as mutations in other genes or alterations in the promoter region. Since, to date, no mutations in the ALK-1 exon 1 have been reported, this region was not included in the analysis as described by Attisano et al. (1993) , the exon I contains the 5¢ untranslated sequence and is part of exon II; for ten Dijke et al. (1993) , it is a splice variant that appears from the splicing of exon I to a consensus splice junction present 7 bp upstream of the start in exon II. In five alleles, we found frameshift mutations such as a G insertion within the exon 3 ( Table 2 , Fig. 1 as F1 ; which encodes the extracellular domain) and the deletion of a single T nucleotide in exon 7 (Table 2 , Fig. 1 as F3 ; a kinase domain). Two missense mutations were also characterized in a highly conserved cysteine-containing region, related to exons 7 and 8: a p.Ile326Val substitution and a p.Gly402Ser substitution ( Table 2 , Fig. 1 as F4 and F5 ), respectively. In one patient, it was possible to characterize the coinheritance of both the T deletion (p.Ser305fs) and the p.Ile326Val substitution (Fig. 1 as F3) . To the best of our knowledge, this is the first description of two mutant alleles in the same individual. One important question is concerned about the genotypic determinants of HHT phenotypes. Commonly, TGF-b may activate both the ALK-1 and ENG in association with the receptor II. One possible explanation for the HTT phenotype variability may be the existence of an abnormal ALK1 protein, which might have the ability to bind to the type II receptor without producing signal transduction, either because of kinase domain disruption or due to extracellular domain alteration, leading to ligand-binding failure (Piantanida et al. 1996) .
The lack of correlation between the genotype and clinical manifestations of HHT supports the haploinsufficiency model and dominant-negative effect as suggested in McAllister et al. (1995) and Berg et al. (1997) . This current model postulates that the disease phenotype may be developed despite the presence of at least a half normal tissue ALK-1 or ENG, which indicates a dominant-negative mechanism (Wilkie 1994; Pece-Barbara et al. 2005) .
Several studies have suggested that pulmonary AVMs are more frequent in HHT1 than HHT2 patients.
Our results support the hypothesis that HHT2, like HHT1, is associated with haploinsufficiency, as previously suggested (Piantanida et al. 1996) .
We conclude that the rate of mutation detection by the genomic sequence of the ALK-1 gene suggests that this will be a potential useful diagnostic test for HHT type 2. Moreover, this approach will be particularly important for identifying young HHT patients at high risk of developing severe complications.
